At a closer look powder is found throughout all kind of industries. Dough and sugar in the food industry, pigments in the paint industry and drugs in the pharmaceutical industry, just to mention a few. Even though powder is obviously a common substance of a product or raw materials and therefore ingredients have to be handled as a powder, none or only little work has been done to characterize their flow properties. Probably the lack on suitable measuring devices gives reason for that. Therefore a new powder viscometer has been developed. Prior to the presentation of the achieved results from that new machine, an introduction to powder properties, examples for bulk materials in the industry and a comparison of adhesive forces in bulk materials will be given. 
INTRODUCTION
The quality of a product needs to be guaranteed from the very beginning of production. It cannot be generated or improved by inspections of the finished product. Qualified process parameters and raw materials are basic conditions for highquality products. Critical process steps need to be optimized and validated already in the early stages. Raw materials for formulas are often bulk materials or powders which are moved in many different ways or have to flow. Here the flow behavior, the movement of the powder particles under the influence of gravitational force or the pressure drop are of special importance. The basis or background regarding the flow behavior of bulk materials are to be investigated with special emphasis on the following questions:
• How can powders be differentiated from fluids or solids? • What properties of the powder influence their flow behavior?
• Which forces are dominant in the bulk materials and are therefore counteractive to the free flow? • Where, i.e. in which industrial areas can bulk materials be found? In the following the flow behavior of bulk materials and possible methods for the determination of flow properties are discussed. The flow properties as well as the special requirements on instruments for the determination of the flow behavior can be deduced from the properties and interparticular forces of the bulk materials.
THE FLOW OF BULK MATERIALS
For a better understanding of the flow properties a distinction is made between powders, solids or fluids. The properties and interparticular forces of the bulk materials will be discussed.
COMPARISON BETWEEN SOLIDS, FLUIDS AND BULK MATERIALS
Bulk materials are complex, two-phased systems. They behave neither like a fluid nor like a solid, however show characteristics of both states of aggregation.
• Like a solid a bulk material can adapt any shape of surface (inclines up to their own contact angle) and transfer shearing forces.
• Ideal dry bulk materials do not show a dragging force under tensile stress [1] .
• Without a constant energy supply it will remain in its quiescent condition. • Similar to fluids bulk materials can flow. However, the viscosity of bulk materials is not constant but increases similar to the non-Newtonian fluids proportional to the shear rate.
• A fluid shows a linear increase of the vertical pressure with increasing depth. The vertical pressure in bulk materials, however, does not increase from a certain filling height. The height of the bulk material column necessary to reach this maximum depends on the interparticular friction and the friction at the borders (e.g. the hopper wall). After reaching its maximum value the height of a bulk material column now influences the pressure or the load on the bottom of the hopper [2] .
PROPERTIES OF BULK MATERIALS OR POWDERS
Adhesive forces influence flow properties of bulk materials. Those forces again depend on properties of the bulk material like shape or size of particles, particle size distribution and specific surface. The sorption tendencies at the particle surface, the chemical composition, the relative humidity and temperature have also to be taken into account. Furthermore the bulk density of a bulk influences the flow behavior. It depends on the load and the above mentioned geometric conditions. Humid or fine-disperse bulks can also show surface forces. With decreasing particle size the tendency for agglomerations and wall adhesion increases due to the more unfavorable ratio of gravitational force to the van-der-Waals interactions. The stability of agglomerates increases whereas the mutual mobility of the particles decreases. Besides this, the electrostatic charge is considerably higher than small particles, they have a larger specific surface and a higher reaction ability.
All physical and chemical effects concerning the interface between particles and surroundings take place on the particle surface. Effects which are mainly connected with the volume or the mass of the particles only become clearly evident at higher particle sizes (from about 60 µm).
ADHESIVE FORCES IN POWDERS OR BULK MATERIALS
For bulk materials electrostatic interactions, liquid bridges, positive connections and above all van-der-Waals interactions (as interactions between dipoles) are of importance [ Fig. 1 ]. On the surface of very small particles the electro- static adhesive forces are smaller than the vander-Waals forces by one order of magnitude and can therefore be ignored. The range of the vander-Waals forces is not very extended, they are however the most effective forces, especially in systems with small particles [4] . As soon as lowor high-viscous fluids are present in sufficient quantity in a bulk material liquid bridges can form between the particles. Those liquid bridges are composed of capillary and interfacial forces.
EXAMPLES FOR BULK MATERIALS IN THE INDUSTRY
For many industries powders or bulk materials are important raw, intermediate and finished products. Examples for different bulk materials and the corresponding industries are listed in Table 1 [6] . Already in this short overview the great variety of bulk materials becomes obvious. The flow behavior of grains is not the best compared with that of fluids, however, it is very good compared with its flour. However, when problems arise, more detailed information on the powder material is necessary. Especially in case of changes of the batch or the raw materials powder related differences have to be recognized in order to be able to take corrective measures for an improved flow. Without appropriate instruments for the quality control this is a problem which is hard to solve.
KNOWN METHODS FOR THE DETER-MINATION OF FLOW PROPERTIES
Different process technologies have been developed for the determination of flow properties.
In the pharmaceutical process technology [7] for example the contact or gliding angle are measured as well as the flow rate. In the mechanical process technology [8] [9] [10] [11] [12] [13] [14] [15] [16] ] the translation shear cell or called after its inventor "Jenike shear cell" is used for the determination of flow properties. This area of the process or bulk material technology investigates the flow properties of bulk materials in order to avoid problems during the outflow from silos by the selection of an appropriate silo geometry and/or the use of discharges.
In most cases devices which are important for the processing of bulk materials like e.g. the feeding funnel of the tablet press have a defined unchangeable geometry. In order to develop free flowing formulas for a trouble-free production raw materials and/or their quantities are varied. This again requires instruments and procedures for the determination of the flow behavior which can prove small differences in the flow behavior and also show the background of the bulk material properties on the basis of the interparticular forces.
CONTACT ANGLE
In the pharmaceutical technology the contact angle is normally used for the determination of the flow behavior. The determination of the contact angle is an easy and fast method. Bulk materials form a cone on a plain surface when they flow out of the funnel on an even surface (Fig. 2) . The incline angle is calculated from the cone height, h, and the cone radius, r, as:
The flatter the bulk material cone the better the bulk material flows. The results of the determination of the contact angle depend very much on the test parameters like e.g. the height between funnel and base and the regularity of the discharge. 
DETERMINATION OF THE FLOW RATE
When determining the flow behavior with a hopper the time is measured in which a certain sample quantity flows out of a standardized hopper. When the bulk material flows out of a hopper ideally a steady constant outflow or mass flow is generated with the material moving over the complete cross section. (Fig. 3) . In reality, flow problems like arch (Fig. 4 ) or shaft forming ( Fig. 5 ) are encountered. Those flow problems are based on interparticular interactions and frictional forces between bulk material and hopper wall. Consequence of those flow problems are an interruption of the outflow and segregation within the hopper resulting in possible measuring or production problems.
TRANSLATION SHEAR CELL AND DIMENSIONING OF HOPPERS
The shear cell (Fig. 6 ) consists of a lower ring which is closed at the bottom (lower shear cell ring), a ring right above with the same diameter (upper shear cell ring) and a cover (shear cell cover). The bulk material in the shear cell is loaded with the normal force, N, and is subject to a shear deformation in the shear level by a horizontal shift of the upper ring. There the shear force, S, is measured which is necessary to break the particle contacts in the shear level.
To calculate the interparticular forces between the particles of the bulk material in the shear level a number of idealized assumptions have to be fulfilled [5] : The particles should be globes of the same size, they should be distributed evenly in the bulk material and the normal force should exert the same effect within the shear cell. This means that this calculation of the interparticular force can only be used for ideal bulk materials. In the following the requirements for a hopper are calculated on the basis of different particle sizes of a test material and taken into account (Table 2) On the other hand, the dimensions of the opening have a strong influence on a trouble-free outflow (Fig. 7 ). When for a particle size of 100 µm is sufficient for an opening diameter of a few cm particle sizes of 20 µm require an opening diameter of 20 cm and particle sizes of 10 µm more than 80 cm. Consequently, the extent of the opening should increase with increasing interparticular forces of the bulk material.
EXISTING METHODS TO INVESTIGATE THE FLOW BEHAVIOR OF POWDERS
The determination of the contact angles deliver comparing qualitative statements about different bulk materials. The question on a possible flow can therefore be answered. In case of flow problems, however, those procedures become inaccurate. Reproducible results can only be obtained from free-flowing bulk materials. A material is considered "free-flowing" when the flow can be achieved exclusively by its weight. A more exact differentiation between free-flowing bulk materials cannot be made. The results are only reproducible with the same test parameters and therefore do not allow a specification of the flow properties of bulk materials in accordance with quality assurance aspects. 
NEW DESIGNED POWDER VISCOMETER
The newly developed powder viscometer combines the determination of the flow properties and of the interparticular force in one test. The hopper with stopper mechanism build the center of the powder viscometer (Fig. 8) . In order to bring bulk materials with different properties to flow a stirrer is placed in the hopper with thin stirrer rods arranged around the rotational axis.
Below the hopper an electronic computer-controlled balance was installed for the determination of the flow speed. The outflow speed is calculated from the mass taken up per time unit. The interparticular forces were quantified by a measurement of the torque in connection with the determination of the flow speed. The forces the stirrer has to exert in order to bring the bulk material to flow are recorded by a rotational viscometer.
The tests with the powder viscometer is simple and fast. The bulk material to be tested is filled into the closed hopper with integrated stirrer. In order to avoid possible powder agglomerates the bulk material is sifted before every test. Then, the hopper opening is opened and the stirrer and the data acquisition for the outflowing mass and the torque are started at the same time. For the determination of the outflow speed the measuring points per second can be set at the scale and for the recording of the torque at the rotational viscometer. The speed of the stirrer is variable and thus the outflow speed as a function of the speed can be determined.
MATERIAL
Lactose-monohydrate is a widely known process material in the pharmaceutical technology where it is used as filling or binding agent in pellets or as adsorption agent for liquid drugs. Besides this Lactose-mono-hydrate is used in pediatrics as mild laxative. For this study fractions of the lactose monohydrate (GranuLac 200, Type EP D80, Art. No. 4172, Lot. 533 was used from Meggle GmbH, D-Wasserburg) were used with the sum distribution as shown in Fig. 9 after classification with the cross flow section sorter. Fig. 10 shows the outflow curves of bulk materials of different medium particle sizes as an example for different flow behaviors. A high outflow speed is reflected in a steep curve and indicates a good flow behavior. The flow behavior can be characterized by the outflow speed, v. The outflow speed, v, is calculated from the sum of the individual slopes, v i , between two measuring points divided by the number of individual slopes n (Eq. 2).
SAME EXAMPLES

FLOW CURVES OF DIFFERENT PARTICLE SIZES
The standard deviation of the outflow speed is a measure for the regularity of the mass stream and should be as small as possible as an indication for a trouble-free outflow.
TORQUE AND OUTFLOW SPEED FOR FIXED PARTICLE SIZE AS A FUNCTION OF TIME
The kind and frequency of bridge formations can be shown with the powder viscometer allowing conclusions for the production. The outflow speed and the torque to be exerted per time unit for a bulk material which tends to form bridges is shown in Fig. 11 . Almost no materials flows out of the hopper until the bridge is destroyed by the stirrer. The torque increases to a maximum value and decreases when the outflow starts again. The force necessary for the elimination of the bridges in the hopper are represented by the maximum torque. Interruptions of the outflow due to a renewed bridge forming lead to a new increase of the torque.
After a first flow the torque will not reach the high measurement again. There can be different reasons for this phenomenon. On one hand the firm bridges are already destroyed and cannot reach the same strength again. On the other hand there is less bulk material left in the hopper. This leads to a lower torque since number and strength of the bridges decrease with a smaller quantity as will be shown later.
4.2.3TORQUE AND OUTFLOW SPEED AS A FUNCTION OF PARTICLE SIZE
The torque and the outflow speed which are dependent upon the particle size of the curves as shown in Fig. 12 are obtained on the same basic conditions. The torque and the outflow speed behave controversially. The particle size fractions which do not flow very well due to their small average particle size show high torque values and low outflow speeds. Freely flowing bulk materials, however, do not require a stirrer; a torque value can hardly be determined any more. 
FLOW RATE OF DIFFERENT PARTICLE SIZES IN DEPENDENCE OF THE SPEED
The flow rate depends on the properties of the bulk material like particle size and particle shape.
The outflow rate of a particle size again depends of the speed of the stirrer (Fig. 13) . At small average particle sizes and therefore high interparticular forces the bridge is not only stable but also quickly reforms. In the growing part of those curves bridges can form faster than they can be destroyed by the stirrer. Only at higher stirrer speeds can the optimum outflow speed for a certain particle size fraction can adjust. Consequently, information about the dynamics of the bridge formation in the hopper can be obtained by the relation between outflow speed and torque. The optimum stirring speed can be determined from the stirrer and the hopper which show analogue geometry in production.
CONTROL OF THE MIXING QUALITY WHEN ADDING FLOW PROMOTER
Another important parameter for the quality is the control of the mixing quality of bulk materials when flow promoter are added. The mixing quality can be tested with a powder viscometer because small differences in the flow of different bulk materials can be determined. Mixing time and quantity of flow promoter can thus be optimized.
Comparing the torque and flow rate which are dependent upon a bad and an optimum mixing quality a trend can be recognized (Fig. 14) . The sample with the optimum mixing quality flows faster out of the hopper. The torque and thus the interparticular interactions of this sample are lower than those of the sample with the bad mixing quality.
FLOW RATE AND TORQUE OF DIFFERENT SAMPLE VOLUMES
Fig . 15 shows the flow rate of different sample volumes as a function of the particle size. The different sample volumes have no significant influence on the flow rate. The torque dependent upon the sample volume but only by specific particle sizes (Fig. 16) . For cohesive bulk materials (e.g. 30 and 40 µm) a considerably higher torque has to be exerted for larger sample volumes than for freely flowing bulk material sizes. The assumption is confirmed that the quality and quantity of bridges in the bulk material increase with increasing interparticular forces respectively smaller particle sizes.
CONCLUSION
With the powder viscometer a simple, well reproducible and exact procedure for the description of the flow properties of bulk materials has been developed. The flow properties and also the interparticular forces are determined. The data registration allows also a determination of even small differences in the flow behavior. The flow differences are caused by the properties of the bulk material. Here the particle size, the shape factors of the individual particles as well as the changing portions of mixing parameters or the addition of flow promoter are here of importance. The specific investigations of influential parameters and interparticular forces in the bulk material allow exact actions for the improvement or the control of the flow behavior. With this knowledge optimum formulas can be developed e.g. by the specific selection of quantity and kind of flow promoter or by fixing the optimum mixing time. The powder viscometer is suitable to avoid production problems and can be used in research and development in order to obtain first experiences with a bulk material or in the quality control. The powder viscometer can also be used for further tasks. Tests can be performed in temperature or vacuum chambers in order to determine the influence of temperature, humidity, and vacuum on the flow behavior. First tests showed that the flow behavior of bulk materials worsens after heating.
